Rationale: Bronchial thermoplasty (BT) is a bronchoscopic procedure in which controlled thermal energy is applied to the airway wall to decrease smooth muscle. Objectives: To evaluate the effectiveness and safety of BT versus a sham procedure in subjects with severe asthma who remain symptomatic despite treatment with high-dose inhaled corticosteroids and long-acting b 2 -agonists. Methods: A total of 288 adult subjects (Intent-to-Treat [ITT]) randomized to BT or sham control underwent three bronchoscopy procedures. Primary outcome was the difference in Asthma Quality of Life Questionnaire (AQLQ) scores from baseline to average of 6, 9, and 12 months (integrated AQLQ). Adverse events and health care use were collected to assess safety. Statistical design and analysis of the primary endpoint was Bayesian. Target posterior probability of superiority (PPS) of BT over sham was 95%, except for the primary endpoint (96.4%).
Bronchial thermoplasty (BT) is a novel intervention for asthma that delivers controlled thermal energy to the airway wall during a series of bronchoscopy procedures, resulting in a prolonged reduction in airway smooth muscle (ASM) mass (1, 2) . Increased mass and contractility of ASM augments asthma morbidity by causing greater bronchoconstriction and airflow obstruction (3) . Decreasing the amount and/or contractility of ASM may provide a means to ameliorate the symptoms of asthma.
Previous clinical trials of BT were nonrandomized (4) or randomized to include a standard of care control group (5, 6) . In these initial studies, BT was associated with a decrease in the
AT A GLANCE COMMENTARY Scientific Knowledge on the Subject
Bronchial thermoplasty is a novel intervention for asthma that delivers controlled thermal energy to the airway wall during a series of bronchoscopy procedures.
What This Study Adds to the Field
The current study reflects one of the largest shamcontrolled trials in pulmonary medicine to test a novel device to perform bronchial thermoplasty, a procedure for the treatment of severe asthma. Bronchial thermoplasty improves asthma-specific quality of life and decreases severe exacerbations in patients with severe asthma.
long-term rate of mild asthma exacerbations, improvement in asthma control, and improvements in lung function (4) (5) (6) . To mitigate an expected placebo effect stemming from an interventional procedure, a randomized, sham-controlled trial was conducted (Asthma Intervention Research [AIR2] Trial) that examined the effectiveness and safety of BT for the treatment of severe persistent asthma in adults. To our knowledge, this is the largest sham-controlled trial to test a new device for the treatment of severe asthma in adults. Data from this trial have been previously published in abstract form (7) (8) (9) (10) .
METHODS Study Subjects
Eligible subjects were adults (18-65 years of age) diagnosed with asthma who required regular maintenance medications of inhaled corticosteroids (ICS .1,000 mg/d beclomethasone or equivalent) and a long-acting b 2 -agonist (LABA >100 mg/d salmeterol or equivalent). Other medications were allowed, including leukotriene modifiers, omalizumab (if used for at least 1 year prior), and oral corticosteroids (OCS) 10 mg/d or less. Key inclusion criteria were: subjects on stable maintenance asthma medications for at least 4 weeks before entry, baseline Asthma Quality of Life Questionnaire (AQLQ) score 6.25 or lower (a higher AQLQ score represents better quality of life) (11), prebronchodilator FEV 1 >60% of predicted, airway hyperresponsiveness (methacholine PC 20 ,8 mg/ml), at least 2 days of asthma symptoms during the 4-week baseline period, and being a nonsmoker for at least 1 year with less than 10 pack-years smoking history. Key exclusion criteria were: life-threatening asthma; chronic sinus disease; respiratory diseases such as emphysema; use of immunosuppressants, b-adrenergic blocking agents, or anticoagulants; and history in the previous year of three or more hospitalizations for asthma, three or more lower respiratory tract infections, and four or more pulses of OCS use for asthma.
Study Design
This randomized, double-blind, sham-controlled, clinical trial was conducted at 30 investigational sites in six countries and was approved by the respective Ethics Committee at each site. All participating subjects provided written informed consent. Enrollment began in October 2005, and a 12-month follow-up of the last subject was completed in July 2008. An independent Data and Safety Monitoring Board oversaw the study.
An electronic diary (LogPad; PHT Corp., Charlestown, MA) was used to record daytime and nighttime asthma symptoms, peak expiratory flow (PEF), and rescue medication use. Subjects' ability to comply with the use of a peak flow meter and completion of the daily diary was assessed in the first week. Compliant subjects used the diary to collect baseline data over 4 weeks.
Randomization
Eligible subjects were randomized (2:1) to the BT or the sham group according to a computer-generated scheme stratified by baseline AQLQ, percentage of symptom-free days, and site, using the Minimum Dynamic Allocation method (12) . The treatment assignment that yielded the least imbalance between groups was given a 90% probability of being chosen for each subject if groups had an imbalance or 50% probability if both groups were balanced at the time of randomization.
Treatment
All randomized subjects were scheduled to undergo three bronchoscopy procedures performed 3 weeks apart. The treatment was administered by an unblinded bronchoscopy team. All follow-up and assessment visits were conducted by a blinded assessment team. Thus, neither the subject nor the assessor was aware of the individual treatment assignment. BT was performed by delivering radiofrequency (RF) energy to the airway using the Alair Bronchial Thermoplasty System (Asthmatx Inc., Sunnyvale, CA) as previously described (4, 13) . Control group subjects in this study underwent three sham bronchoscopy procedures, each separated by at least 3 weeks. The sham bronchoscopy procedures involved necessary medication for conscious sedation and bronchoscopy that mimicked the BT treatment. The Alair catheter was deployed into the airways through the bronchoscope, the electrode array expanded, and the sham RF controller activated. The sham RF controller produced audio and visual signals that were indistinguishable from the active RF controller, except that no RF energy was delivered. The duration of each bronchoscopy procedure and the number of ''sham'' activations were to match an active treatment procedure.
Follow-up
Subjects were evaluated 6 weeks after the last procedure (at the end of the treatment period). The posttreatment period extended from 6 to 52 weeks after the last procedure, and assessments were completed at 3, 6, 9, and 12 months. Subjects completed their daily diary from baseline to 12 weeks after the last procedure and over 4-week periods preceding the 6-and 12-month follow-up visits. The following assessments were performed: AQLQ, Asthma Control Questionnaire (ACQ) (14) , physical examination, review of asthma symptoms, exacerbations, asthma medications, and active solicitation of adverse events, including healthcare use.
Outcome Measures
The primary outcome was the difference between study groups in the AQLQ score change from baseline to the average of the 6-, 9-, and 12-month scores (integrated AQLQ). The proportion of subjects within each group that achieved an AQLQ score change of 0.5 or greater (i.e., minimal important difference) was analyzed (15) .
Secondary outcomes included changes in: AQLQ (absolute and individual domains), ACQ scores, percentage of symptom-free days, symptom scores, morning PEF, rescue medication use, and FEV 1 . Additional outcomes included the numbers of severe asthma exacerbations (i.e., those requiring systemic corticosteroids or doubling of ICS dose) (16) , the percentage of subjects experiencing severe exacerbations, respiratory-related unscheduled physician office visits, emergency department (ED) visits, hospitalizations, and days missed from work/school or other activities due to asthma.
Monitoring Adverse Events
Adverse events were actively solicited and recorded at each visit. Investigators reported severity for all events in the treatment and posttreatment periods.
Statistical Analyses
The target enrollment goal was a minimum of 225 evaluable subjects (150 in the BT group and 75 in the sham group). All endpoints were analyzed using Bayesian statistics. Bayesian statistics is an axiomatic approach that provides the probability of hypotheses conditional on observed data rather than the traditional approach of calculating the probability of data conditional on hypotheses. The posterior probability is a central measure of uncertainty within the Bayesian approach and is used to quantify the strength of the evidence regarding hypotheses, such as the probability of superiority, which is used in this study. The target posterior probability of superiority (PPS) of BT over sham was 95%, except for the primary AQLQ endpoint, where the target PPS was 96.4% (adjusted for two interim looks for early declaration of success). Bayesian imputation methods were used to handle missing data in the primary effectiveness analysis, and baseline AQLQ was used as a covariate. Missing data for secondary endpoints were imputed using the Last Observation Carried Forward method. Unless otherwise stated, results are reported as mean 6 SD.
Effectiveness analyses were performed on the intent-to-treat (ITT: all randomized subjects who underwent at least one bronchoscopy) and prespecified per protocol (PP: all randomized subjects who completed all three bronchoscopy procedures, did not take interfering concomitant medications, or missed any follow-up visits at 6, 9, or 12 month) populations. Univariate logistic regression was used to investigate which baseline variables were statistically significant predictors of AQLQ response (responder/nonresponder) within the BT-treated group. The method of Bang and colleagues (17) was used to assess the success of blinding in each of the treatment groups (i.e., the ability of subjects in each group to identify their treatment assignment with greater accuracy than random guessing alone), with P , 0.05 indicating statistical significance.
Safety was assessed by reviewing all adverse events occurring during the treatment and posttreatment periods. Bayesian posterior probabilities of superiority were estimated for incidence rates of adverse events, and those events with superiority of greater than 95% in any group were reported. Event rates were analyzed using Poisson Regression in the Bayesian model.
RESULTS
Of 580 subjects screened, 297 were randomized to the BT group (196 subjects) or the sham control group (101 subjects) ( Figure  1 ). Of these, 190 subjects in the BT group and 98 subjects in the sham group underwent at least one bronchoscopy (ITT population). Baseline demographics and clinical characteristics were well matched between groups ( Table 1 ). The subjects enrolled in this trial had severe and inadequately controlled asthma as evidenced by the requirement for high-dose ICS and LABA, a high ACQ score consistent with poorly controlled asthma (18) , and a low AQLQ score and percentage of symptom-free days. Analysis of the characteristics of these subjects demonstrated that 86% of the BT group (163 subjects) and 88% of the sham control group (86 subjects) met American Thoracic Society criteria for severe refractory asthma (19) . Ten subjects were lost to follow-up (nine Alair, one sham).
The performance of the bronchoscopic procedures did not allow for the subjects to be unblinded, as evidenced by the inability of the subjects in the BT or the sham group to correctly Figure 1 . Disposition of AIR2 subjects. Of the 288 subjects who underwent a bronchoscopy procedure, 190 were randomized to the bronchial thermoplasty (BT) group, and 98 were randomized to the sham control group. All 288 subjects qualified for the intent-to-treat and safety populations. Additionally, 268 subjects (173 in the BT group and 95 in the sham control group) qualified for inclusion in the per protocol population.
guess their treatment assignment after the first procedure (within-group comparison P values: BT, 0.135; sham, 0.128). During subsequent assessments, subjects in the sham group could not correctly guess their treatment assignment throughout the follow-up period. In the BT group, a larger proportion correctly guessed their treatment assignment after the first bronchoscopy (e.g., within-group comparison P values at second bronchoscopy: BT, 0.011; sham, 0.342).
Asthma Quality of Life
The mean change in integrated AQLQ score in the ITT population was greater in the BT group (1.35 6 1.10) than in the sham group (1.16 6 1.23; PPS, 96.0%; Table 2 ). The mean change in integrated AQLQ score in the PP population was 1.38 6 1.10 in the BT group and 1.14 6 1.24 in the sham group (PPS, 97.9%; Figure 2A ). In the ITT population, a larger proportion of subjects in the BT group (79%) compared with the sham group (64%) had a clinically meaningful improvement in AQLQ score of 0.5 or greater (PPS, 99.6%). A smaller proportion of subjects in the BT group (3%) had a clinically meaningful deterioration in AQLQ of 20.5 or less compared with the sham group (7%). The net benefit in AQLQ in this study was 76% (79-3%) in the BT group versus 57% (64-7%) in the sham group (PPS, 100.0%). In the PP population, 81% of subjects in the BT group, compared with 63% subjects in the sham group, had a clinically meaningful improvement in AQLQ score of 0.5 or greater (PPS, 99.9%). A smaller proportion of subjects in the BT group (3%) had a clinically meaningful deterioration in AQLQ of 20.5 or less compared with the sham group (7%). The net benefit in AQLQ in this study was 78% (81-3%) in the BT group versus 56% (63-7%) in the sham group (PPS, 100.0%; Figure 2B ). Secondary endpoint measures of morning PEF, symptomfree days, symptom score, ACQ, and rescue medication use (Table 2) showed an improvement over baseline in the BT and sham groups, although the differences between the groups were not statistically significant (PPS, <95.0%). Each of the four individual domains of AQLQ showed improvement in the BT group compared with sham (Table 2) , although statistical significance was reached only for the emotional function domain.
Adverse Events
During the treatment period, both groups experienced an increase in respiratory adverse events, with more events reported in the BT (85% of subjects; 1.0 events/bronchoscopy) than in the sham group (76% of subjects; 0.7 events/bronchoscopy). The severity of respiratory adverse events for the BT and sham groups was as follows: mild, 43.6 versus 58.7%; moderate, 53.2 versus 39.8%; and severe, 3.1 versus 1.5%, respectively. The most common events were typical of airway irritation, including worsening asthma symptoms (wheezing, chest discomfort, cough, and chest pain), and upper respiratory tract infections. The majority of respiratory adverse events occurred within 1 day of the bronchoscopy and resolved within 7 days. During the treatment period, 16 subjects (8.4%) in the BT group required 19 hospitalizations for respiratory symptoms (worsening of asthma, 12 in 10 subjects; segmental atelectasis, 3 in 2 subjects; lower respiratory tract infection, one subject; low FEV 1 , one subject; hemoptysis, one subject; and aspirated prosthetic tooth; one subject) compared with two subjects (2.0%) in the sham group requiring two hospitalizations (both worsening of asthma). Ten of the 19 hospitalizations in the BT group occurred on the day of the procedure. All these events resolved with standard therapy, including the hemoptysis, which was managed with bronchial artery embolization. During the posttreatment period, fewer adverse respiratory events were reported in the BT group (70% of subjects vs. 80% in the sham group). There was a 36% risk reduction in the proportion of subjects reporting worsening of asthma (multiple symptoms) in the BT group than in the sham group (27.3 vs. 42.9%, respectively; PPS 99.7%). Consistent with this improvement in asthma, there was an 84% risk reduction in ED visits for respiratory symptoms in the BT group compared with sham group (0.07 vs. 0.43 visits/subject/yr; PPS 99.9%; Figure 3 ). Five subjects (2.6%) in the BT group had a total of six hospitalizations for respiratory symptoms (one subject had two hospitalizations), compared with 12 hospitalizations in four subjects (4.1%) in the sham group (one subject had nine hospitalizations).
The rate of upper and lower respiratory tract infections requiring antibiotics was 0.007 6 0.014 events/subject/wk (24.1% of subjects) in the BT group and 0.006 6 0.012 events/subject/wk (24.5% of subjects) in the sham group. The adverse event profile of the 10 subjects lost to follow-up was not remarkable during the period of the trial for which their data were available (data not shown).
Over the entire study period (from the day of first bronchoscopy to the 12-month follow-up), the number of severe exacerbations per subject in the BT group was 1.02 (53.6% of subjects) and in the sham group was 0.91 (45.9% of subjects) (pp superiority sham .BT 5 25.8%); the number of ED visits for respiratory symptoms per subject in the BT group was 0.13 (8.4% of subjects) and in the sham group was 0.45 (15.3% of subjects) (pp superiority sham .BT 5 99.7%); and the number of respiratory-related hospitalizations per subject in the BT group was 0.13 (10.5% of subjects) and in the sham group was 0.14 (5.1% of subjects) (pp superiority sham .BT 5 57.2%).
DISCUSSION
Patients with severe asthma suffer significant morbidity and disability despite the use of multiple medications (20) . The Asthma Intervention Research (AIR2) Trial is the largest sham-controlled trial to test a new device for the treatment of severe asthma in adults. This study evaluated the effectiveness and safety of BT in subjects with severe asthma who were symptomatic despite treatment with high doses of ICS and LABA, the current standard of care (18) . These results validate the findings of two previous randomized, controlled studies that compared BT with usual care without a sham control (5, 6). Values reported as mean 6 SD. * Average of the value at 6-, 9-, and 12-months. † The total symptom score comprises the sum of these six asthma symptom measurements recorded in the daily diary: wheeze during the night, cough during the night, wheeze during the day, cough during the day, breathlessness during the day, and sputum production during the day. Each of the symptoms is scored on a scale of 0 to 30 each day by the subject. The sum of the scores for these 6 symptoms comprises the total symptom score, which measures overall asthma symptoms. The maximum score possible is 18. A lower total symptom score represents better asthma control.
‡ % symptom free days was the percent of days in which there were no night awakenings and each individual symptom score was 0.
x Severe exacerbation defined as exacerbation requiring treatment with systemic corticosteroids or doubling of the ICS dose.
The use of a patient-centered subjective endpoint, AQLQ, required that the study be sham-controlled and that subjects remain blinded throughout the study to adequately assess the added benefit of BT beyond the current standard of care. The use of sham control subjects for interventional procedures poses risks to research subjects without the prospect of direct benefit from participation in trials (21) . However, as previously demonstrated (22, 23) , a well-conducted sham-controlled study, in which subjects have been adequately informed, is justified (24) . Proper execution of this double-blind, sham-controlled study required investigational sites to have separate teams to deliver the treatment and perform follow-up assessments. The sham procedure successfully duplicated the BT procedure except for delivery of RF energy. Analysis of blinding assessments indicated that during the posttreatment follow-up period, Assessment physicians were unaware of treatment assignments, and subject beliefs, specifically in the BT group, were unlikely to affect outcome assessments (data not shown).
An important goal of asthma management strategies is to improve health-related quality of life (25, 26) . The AQLQ is a validated tool for assessing the impact of asthma and evaluating outcomes of various therapies (27) . This study demonstrates a clear effect of BT on improving the asthma-specific quality of life over 1 year despite a larger-than-expected improvement in the sham group. The improvement in the AQLQ score of 1.35 6 1.10 in the BT group is consistent with changes that were previously observed after BT in patients with moderate to severe asthma (5) and in patients with severe-persistent asthma (6) . This improvement occurred in subjects who were already taking high doses of ICS and LABA and yet is of similar magnitude to that seen in previous asthma studies where subjects were taking less medication (28, 29) .
We observed a substantial mean improvement of 1.16 in AQLQ in the sham group despite the a priori expectation of approximately 0.5. This expectation was based on literature reports of typical placebo responses of 40 to 60% (30) compared with AQLQ changes after BT in prior clinical trials (5, 6) . Some improvement in a control group of patients with asthma can be expected from participation in a clinical trial (31), most likely due to the regression effect. We believe that in the present study, the preconceived expectations about this promising therapy, together with the care and attention provided by the study staff, contributed to the substantial sham effect. Furthermore, the anticipation of an upcoming study visit may have heightened expectations in both groups related to the electronic diary data collected for 1 month before the 6-and 12-month study visits. The augmentation of the placebo effect in this study is consistent with the findings of another recent study showing that an optimistic presentation of a drug (or device in this case) can enhance the placebo effect for patient-centered outcomes, such as questionnaire scores (32) . However, a larger proportion of BT subjects compared with sham group subjects experienced a clinically meaningful within-subject improvement in AQLQ score of 0.5 or greater. This improvement in the quality of life demonstrates the superiority of BT over sham treatment. Consistent with an improved quality of life, subjects in the BT group had significantly fewer severe exacerbations and emergent use of healthcare. The improvement in quality of life after BT in these patients with severe asthma is associated with a subsequent reduction in ED visits, as has been demonstrated in other asthma studies (33) (34) (35) . Individuals with severe, uncontrolled asthma account for a large proportion of health care use and costs (34, 36) . Asthma is also the fourth leading cause of work absenteeism for adults, resulting in nearly 15 million missed or ''less productive'' workdays each year (37) . In the current study, the improved quality of life and reduced exacerbations in BT-treated subjects likely led to a decrease in lost work/school days, consistent with these measures being interrelated.
BT-treated subjects had a substantial decrease in severe exacerbations and ED visits, whereas the BT and sham groups had similar respiratory tract infection rates during the posttreatment period. These findings suggest that treatment with BT may result in less bronchoconstriction in the setting of a known trigger of asthma exacerbation. The mechanisms underlying the modified host response to respiratory tract infections after BT could be an important area of future investigation.
Bronchoscopy in asthma is known to worsen symptoms and potentially induce complications, even more so in severe asthma (38) . Data from this trial suggest that treatment with BT may further aggravate the airways in the short term. The adverse events after BT in this study were short in duration, as in previous trials (5, 6) , and patients responded well to therapy. Although there was an increase in respiratory adverse events in the BT group compared with the sham group in the treatment period, fewer subjects in the BT group reported respiratory adverse events in the posttreatment period. Furthermore, subjects in the BT group reported fewer exacerbations and better quality of life scores in this posttreatment period.
In summary, this study demonstrates that BT provides clinically meaningful improvements in severe exacerbations requiring corticosteroids, ED visits, and time lost from work/ school during the posttreatment period in patients with severe and inadequately controlled asthma, together with improvements in quality of life. We conclude that the increased risk of adverse events in the short-term after BT is outweighed by the benefit of BT that persists for at least 1 year. BT offers clinicians a novel, procedure-based, add-on therapy beyond the current use of high-dose ICS and LABA to decrease the morbidity of severe asthma.
